S -3 (previously named H1b) and core histone H3 is elevated in mouse fibroblasts transformed with oncogenes or constitutively active mitogen-activated protein kinase (MAPK) kinase (MEK). H1
Introduction
Oncogene-transformed cells have an altered chromatin structure, displaying a less condensed chromatin than their parental counterparts (Laitinen et al., 1990; Mello and Chambers, 1994; Chadee et al., 1995; Herrera et al., 1996) . The alteration in chromatin structure is a result of changes in linker histone H1 subtypes and posttranslational modifications, including phosphorylation and acetylation (Tan et al., 1982; Laitinen et al., 1994; Chadee et al., 1999) . Changes in the steady state level of the phosphorylated H1 isoforms has been observed in oncogene-transformed mammalian cell lines and tumour tissues. Increased phosphorylation of H1 S -3 (previously named H1b), the mouse H1 subtype with the most highly phosphorylated isoforms, was found in tumour tissues of mouse (Lewis lung carcinoma) in comparison to normal lung tissues (Lennox et al., 1982; Parseghian and Hamkalo, 2001) . We reported that phosphorylation of H1 S -3 is elevated in mouse fibroblasts transformed with oncogenes or constitutively active mitogen-activated protein kinase (MAPK) kinase (MEK) Taylor et al., 1995) . Further, fibroblasts lacking the tumour suppressor Rb have an increased level of phosphorylated H1 and a relaxed chromatin structure. Evidence was provided that deregulation of the H1 kinase Cdk2 may be directly involved in cells lacking Rb (Herrera et al., 1996) . Transformed cells are deficient in several kinase inhibitor arrest points (Crissman et al., 1991; Gadbois et al., 1992a) . The cycling of transformed mammalian cells is not affected by low concentrations of staurosporine, which arrest the nontransformed cells in G1 phase of the cell cycle. Enhanced activities of H1 kinases in transformed cells may explain their resistance to the effects of kinase inhibitors (Gadbois et al., 1992b) .
Several studies show an involvement of H1 phosphorylation in gene transcription. Inactivation of the MMTV promoter is associated with dephosphorylation of H1, and reactivation of the promoter is associated with rephosphorylation of H1 (Lee and Archer, 1998) . Mouse H1 S -3 phosphorylation is dependent upon ongoing transcription and replication processes (Chadee et al., 1997) . H1 S -3 phosphorylation is the only histone modification known to be dependent upon both of these nuclear processes. This observation provides evidence that H1 S -3 is associated with transcribed chromatin, and this has been directly verified by Paraseghian and Hamkalo, who demonstrated directly that H1 S -3 is bound to transcriptionally active DNA (Parseghian and Hamkalo, 2001; Parseghian et al., 2000) . Phosphorylation of linker H1 is thought to lead to decondensation of chromatin, facilitating access of the chromatin to factors involved in transcription and replication (Roth and Allis, 1992) .
We postulated that persistent activation of the Ras-MAPK signal transduction pathway in oncogenetransformed cells elevated the H1 kinase activity of Cdk2, resulting in the increased phosphorylation of H1 S -3 Taylor et al., 1995) . An alternate hypothesis is that the H1 phosphatase activity is decreased in the oncogene-transformed cells. In this study we show that Cdk2 activity is elevated in oncogene Ha-ras-transformed mouse fibroblasts, which are resistant to the cell cycle inhibitory action of staurosporine. Further, induction of oncogenic ras expression increased the activity of Cdk2 and elevated the level of phosphorylated H1 S -3. The H1 phosphatase was identified as PP1, the activity of which was similar in the oncogene-transformed and parental cells.
Results

Cdk2 activity is increased in Ciras-3 cells
It has been previously reported that transformed cells are deficient in several kinase inhibitor arrest points (Crissman et al., 1991; Gadbois et al., 1992a; Kraemer and Bradbury, 1993) . Nontransformed, but not transformed, mammalian cells are arrested in G1 phase of the cell cycle by low concentrations (4 -20 nM) staurosporine. We investigated the effect of staurosporine on the cell cycle of parental 10T 1 2 and oncogene Ha-ras transformed (Ciras-3) mouse fibroblasts. 10T and Ciras-3 mouse fibroblasts were cultured with 4 or 20 nM staurosporine for 24 h. FACS analyses show that 4 nM arrested 10T 1 2 cells, but not Ciras-3, in G1 phase (Table 1) . Further, staurosporine at 20 nM had a minimal effect on cell cycling of Ciras-3 cells. Thus, the kinase inhibitor staurosporine arrested the nontransformed parental, but not the oncogenic Ha-rastransformed mouse fibroblasts.
Staurosporine is a potent inhibitor of Cdk2 (Gadbois et al., 1992b ). An increase in Cdk2 activity in Ciras-3 cells relative to that of 10T 1 2 cells may explain the resistance of Ciras-3 cells to staurosporine and the increase in phosphorylated H1 S -3 that we observe . Cdk2 was immunoprecipitated from 10T 1 2 and Ciras-3 cells and tested for H1 kinase activity. FACS analyses of the cells showed that 10T 1 2 and Ciras-3 had similar cell cycle distributions (G0/G1, S, G2/M -10T 1 2 : 53, 20, 27; 27, 25) . Figure  1 shows that the H1 phosphorylation activity of Cdk2 of Ciras-3 cells was much greater than that of 10T 1 2 cells, while Cdk2 levels were similar in the cell lines. Based upon the results of four separate studies, the increase in Cdk2 H1 phosphorylation activity was 2.6+0.7-fold greater in Ciras-3 cells.
To provide further evidence that Cdk2 was the kinase responsible for the phosphorylation of H1 S -3 in Ciras-3 cells, we incubated cells with olomoucine, a specific inhibitor of Cdk activity. Figure 2 shows that olomoucine addition to Ciras-3 cells reduced the level of pH1 S -3, providing evidence that Cdk2 is the kinase phosphorylating H1 S -3 in these oncogene-transformed cells.
H1
S -3 phosphatase activity is similar in cell-cycle matched 10T 1 2 and Ciras-3 cells Increased phosphorylation of H1 S -3 in the Ciras-3 cells may be a consequence of increased Cdk2 kinase activity and/or decreased H1 S -3 phosphatase activity. Highly phosphorylated H1 incubated with cellular extracts isolated from 10T 1 2 and Ciras-3 cells were electrophoretically resolved on SDS gels and then transferred to nitrocellulose. Immunoblot analysis with anti-phosphorylated H1 S -3 antibodies determined the amount of phosphorylated H1 S -3 remaining following incubation with the cellular extracts, providing a measure of the H1 S -3 phosphatase activity. We have shown previously that the antibody against highly phosphorylated H1 isolated from the macronucleus of Tetrahymena specifically recognizes the phosphorylated isoform of H1 S -3 . Figure 3 shows that the H1 S -3 phosphatase activities were similar in the cellular extracts. and Ciras-3 cells was used for each immunoprecipitation. A control with no antibody present was included. The immunoprecipitated samples were resuspended with 3 ml of 46 kinase buffer, 1 mg purified histone H1, 2.5 mCi g-ATP and water up to 15 ml. Tubes were incubated at 308C for 30 min. To stop the kinase reaction, 46 SDS loading buffer was added per tube. Samples were boiled and loaded onto an SDS-15% PAGE. The gel was stained with Coomassie, dried, and exposed to film. (b) Fifty mg of cell lysate protein from 10T 
PP1 is the H1
S -3 phosphatase The activities of the two major protein phosphatases, PP1 and PP2A, in mammalian cells can be distinguished by their sensitivity to okadaic acid (Paulson et al., 1996) . PP2A activity is completely inhibited at 1 nM okadaic acid, whereas 50% inhibition of PP1 activity is observed at 10 -15 nM okadaic acid. A cellular extract from 10T 1 2 cells was incubated with highly phosphorylated H1 histones and 2 or 100 nM okadaic acid for various times. Figure 4 shows that with 2 nM okadaic acid 13% of the phosphorylated H1 S -3 remained after 60 min. The level of phosphorylated H1 S -3 remaining after 60 min was similar in the presence and absence of 2 nM okadaic acid (results not shown), identical to our results analysing the dephosphorylation of phosphorylated H3 (Chadee et al., 1999) . However, when 100 nM okadaic acid was added to the cellular extract, dephosphorylation of pH3 was inhibited, with 76% of the phosphorylated H1 S -3 remaining after 60 min of incubation. These observations suggest that PP1 is the major H1 S -3 phosphatase.
The level of pH1 S -3 is elevated upon induction of the ras oncogene in 2H1 cells
To test if increased phosphorylated H1
S -3 is an early event in cellular transformation, which occurs upon expression of oncogenic ras, we used the mouse fibroblast cell line, 2H1, which is a 10T 1 2 cell line 4 cell equivalents) were incubated with 5 mg of phosphorylated H1 for 0, 15, 30, 45, and 60 min at 378C. The reaction was stopped, and the proteins were separated by SDS-15% PAGE, transferred to nitrocellulose membranes, and immunochemically stained with anti-phosphorylated H1 S -3. The per cent of phosphorylated H1 S -3 remaining after each time period was determined by densitometric analysis of the immunoblots as described previously (Chadee et al., , 1999 . Inspection of the India ink-stained immunoblot showed that the protein loads in each lane were equivalent and that protein degradation was not occurring (not shown). Each value represents the mean+s.e. of three different preparations Figure 4 Inhibition of H1 S -3 dephosphorylation by okadaic acid in 10T 1 2 cell extracts. Cell extracts were incubated in the presence of 2 or 100 nM okadaic acid and 5 mg of total histone as substrate. The reaction mixture was incubated for 0, 30 or 60 min at 378C. The reaction was stopped, and the proteins were separated by SDS-15% PAGE, transferred to membranes, and immunochemically stained with anti-phosphorylated H1 S -3. The per cent of phosphorylated H1 S -3 remaining after each time period was determined by densitometric analysis of the immunoblots as described previously (Chadee et al., , 1999 . Each value represents the mean+s.e. of three different preparations Histone H1 S -3 phosphorylation DN Chadee et al transfected with an inducible-ras oncogene (Haliotis et al., 1990) . In these cells, ras oncogene expression is controlled by a metallothionein promoter, which can be induced by treating the cells with 100 mM ZnSO 4 . Figure 5 shows the levels of Ras and phosphorylated H1 S -3 at different times after the induction of the ras oncogene. One hour after the addition of zinc, Ras levels were increased several fold. Initially there was a decrease in the level of phosphorylated H1 S -3, which was followed by an increase in phosphorylated H1 S -3 levels. Treatment of parental 10T 1 2 cells with 100 mM ZnSO 4 for 0, 8, or 24 h did not result in increased levels of phosphorylated H1 S -3, and therefore phosphorylation of H1 S -3 was not affected by ZnSO 4 treatment alone (data not shown).
p21Cip1/Waf1 levels transiently increase following the induction of the ras oncogene
To investigate whether a decrease in Cdk2 activity following induction of the ras oncogene was responsible for the reduction of phosphorylated H1
S -3 levels, we measured the H1 kinase activity of Cdk2 immunoprecipitates. Figure 6 shows that relative to the untreated cells, the Cdk2 H1 kinase activity was reduced at 1 h and then increased at 2 h. Induction of the ras oncogene did not affect the levels of Cdk2. Thus, following the induction of oncogenic ras, there is an immediate decrease followed by an increase in Cdk2 activity and phosphorylated H1 S -3 levels in the 2H1 cells.
Previous studies have shown that Ras increases the expression of the Cdk2 inhibitor p21
Cip1/Waf1 (Kivinen et al., 1999; Roovers and Assoian, 2000) . It is possible that the decreased activity of Cdk2 at 1 h was because of Ras-induced elevated levels of p21. Thus, we analysed the levels of p21 protein as a function of time following the addition of Zn to 2H1 cells. Immunoblot analyses of cell lysates show that p21 levels increased at 1 h post zinc addition and then declined at 2 h ( Figure 6 ). Thus, induction of oncogenic ras resulted in elevated levels of p21 inhibiting Cdk2 kinase activity, resulting in a decrease in the phosphorylation of H1 S -3. At 2 h post induction of oncogenic ras, p21 levels declined resulting in the activation of Cdk2 and phosphorylation of H1 S -3.
Discussion
Phosphorylation of H1 S -3 is elevated in mouse fibroblasts transformed with oncogenes Ha-ras, fes, mos, raf, c-myc, with combinations of Ha-ras, c-myc and mutant p53, and with constitutively activated MEK Taylor et al., 1995) . These oncogene products affect the activity of the Ras-MAPK signal transduction pathway. Further, levels of phosphorylated H1 are elevated in Rb-deficient fibroblasts (Herrera et al., 1996) . Cdk2 H1 kinase activity is deregulated in these cells, and the elevated activity of this kinase results in the increased amounts of phosphorylated H1 (Herrera et al., 1996) . Similarly, we found that Cdk2 activity is much greater in Ha-rastransformed mouse fibroblasts (Ciras-3) than in the nontransformed mouse fibroblasts. The enhanced activity in the Ciras-3 cells may contribute to their resistance to the cell cycle arresting affects of low concentrations of staurosporine. Moreover, our results show that the increased amounts of phosphorylated H1 S -3 in the Ciras-3 cells was a consequence of an cip1 levels. 2H1 cells were treated with 100 mM ZnSO 4 for 0, 1, 2 and 4 h. 2H1 cells were lysed in SDS sample buffer. The proteins were resolved by SDS-15% PAGE, transferred to nitrocellulose and immunochemically stained with anti-Cdk2 (Cdk2 level) and anti-p21
Cip1 (p21 level) antibodies. The relative levels of Cdk2 and p21 from each sample were determined by densitometric analysis of immunoblots. H1 S -3Cdk2 activity was determined as described in the legend to Figure 1 . The levels of kinase activity relative to untreated cells are shown. Each value represents the mean+s.e. of three different preparations Histone H1 S -3 phosphorylation DN Chadee et al elevated Cdk2 activity rather than a reduced activity H1 phosphatase, which our studies suggest is PP1. There is evidence that PP1 is also the protein phosphatase responsible for dephosphorylation of phosphorylated H1 bound to mitotic chromosomes (Paulson et al., 1996) . H3 phosphorylation is also elevated in oncogenetransformed mouse fibroblasts and in TPA or EGF stimulated serum starved mouse fibroblasts (Chadee et al., 1999) . Our recent studies suggest that Msk1 is the H3 kinase stimulated by the Ras-MAPK pathway (Strelkov and Davie, 2002) . The transcribed immediateearly genes are associated with phosphorylated H3 (Chadee et al., 1999) . Following the onset of ras oncogene expression in fibroblasts, phosphorylation of H3 and H1 S -3 increases. However, in contrast to the phosphorylation of H3, which occurs immediately following induction of ras, there is a lag phase before phosphorylated H1
S -3 levels increase (Chadee et al., 1999) . This is because expression of the ras oncogene results in a transient increase in the levels of p21, which inhibits the H1 phosphorylation activity of Cdk2. This observation is consistent with reports that activation of the Ras-MAPK pathway transiently increases the level of p21 (Bottazzi et al., 1999; Roovers and Assoian, 2000) .
Phosphorylation of H1 S -3 is unique in that it is the only histone modification known to be dependent upon transcription and replication (Chadee et al., 1997) . In contrast, EGF/TPA-induced phosphorylation of H3 is not dependent upon on-going transcription (Mahadevan et al., 1991) . Thus, H1
S -3 has to be bound to a transcribed gene to be phosphorylated by activated Cdk2. Together our studies suggest that following stimulation of the Ras-MAPK signal transduction pathway, H3 bound to transcriptionally active or competent genes is phosphorylated and p21 cip1 levels transiently increase. The Cdk2 activity transiently decreases and then increases when p21 cip1 levels decline. H1 S -3 bound to transcribed genes is then phosphorylated by the active Cdk2 kinase. Persistent activation of the Ras-MAPK signal transduction pathway in oncogene-transformed cells may result in deregulated activity of kinases phosphorylating H3 and H1 S -3 associated with transcribed genes. The chromatin bound to phosphorylated H3 and H1 S -3 is decondensed (Chadee et al., , 1999 Herrera et al., 1996) , and the chromatin remodelling actions of these modified histones may result in aberrant gene expression (Tuck et al., 1991; Wright et al., 1994) .
Materials and methods
Cell lines and culture conditions
The cell line Ciras-3 was derived from mouse 10T 1 2 fibroblasts by transfection with the T-24 Ha-ras oncogene (Egan et al., 1987) . Also derived from the 10T 1 2 cells was the 2H1 cell line. The 10T 1 2 cells were transfected with the T-24 Ha-ras oncogene under the control of a metallothionein promoter (Haliotis et al., 1990 ). 10T 1 2 and Ciras-3 cells used in the staurosporine experiment were grown in a-minimal essential medium plus 10% foetal bovine serum (Intergen, Purchase, NY, USA). All other experiments used cells that were grown in the same medium but supplemented with 10% foetal bovine serum (Gibco, Burlington, Ontario). For inhibition of Cdk2 activity, Ciras-3 cells were incubated in the above medium with 0, 70, 140 or 280 mM of olomoucine for 24 h. Cells were plated in 15 ml of the above medium at 5610 5 cells per 150 mm diameter plastic tissue culture dish. All cell lines were grown in a humidified atmosphere containing 7% CO 2 and the medium supplemented with penicillin G (100 units/ml) and streptomycin sulfate (100 mg/ml).
Manipulation of cell lines
10T 1 2 and Ciras-3 cells were grown as described above. Fresh media was provided before exposure to the drug staurosporine. The final concentration of the drug was either 4 or 20 nM and the exposure time was 24 h. Vehicle (dimethyl sulphoxide) only was added as a control. At various times, the medium was removed and cells were washed twice with phosphate-buffered saline, pH 7.3. The cells were removed from the plates with trypsin and then prepared for either FACS analysis or used to isolate H1.
2H1 cells were grown as described above, then the medium was changed to fresh medium for the control or to medium containing 100 mM ZnSO 4 (to induce the ras oncogene). Cells were treated for either 1, 2 or 4 h. After treatment, the medium was removed and cells were washed twice with phosphate-buffered saline, pH 7.3. The cells were removed from the plates with either trypsin (for isolation of histones), 46SDS loading buffer (for whole cell extracts) or SB250 buffer (250 mM NaCl, 25 mM Tris-HCl, pH 7.5, 5 mM EDTA, 1% v/v Triton X-100, used for immunoprecipitation and kinase assay). Cells that were trypsinized were collected by centrifugation and stored at 7808C. Cells that were lysed with SB250 buffer or 46SDS loading buffer were scraped with a rubber policeman and collected into a microfuge tube. The samples used in the immunoprecipitation and kinase assay were centrifuged at 10 000 g for 10 min and the supernatant was stored at 7208C. The samples collected with loading buffer were passed through a syringe with a 22 gauge needle 3 -56 to reduce viscosity and then electrophoresed and probed for Western blots.
Isolation of histones
Approximately 4610 7 to 1610 8 cells were used for the isolation. The cells were homogenized in 5 ml of nuclear preparation buffer (10 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1.5 mM MgCl 2 , 0.65% Nonidet P-40, and 1 mM PMSF) containing phosphatase inhibitors (1 mM NaF, 1 mM sodium orthovanadate, 25 mM b-glycerophosphate). Nuclei were collected by centrifugation at 1500 g for 10 min. All centrifugations were performed at 48C. Nuclei were then resuspended in 3 ml of RSB buffer (10 mM Tris-HCl, pH 7.6, 3 mM MgCl 2 , 10 mM NaCl, 1 mM PMSF and protein phosphatase inhibitors). Total histones were extracted from the nuclei using 0.4 N H 2 SO 4 . H1 was extracted from the nuclei using 5% perchloric acid. The samples were precipitated with 18% trichloroacetic acid. Histone pellets were washed first with an acetone-HCl solution (99.5% acetone and 0.5% HCl) and then were washed with 100% acetone. Samples were resuspended in double distilled H 2 O.
Electrophoresis and immunoblotting
Proteins were separated on SDS-15% polyacrylamide gels and were then either stained with Coomassie Blue or transferred to nitrocellulose membranes. Antibodies used were: anti-phosphorylated H1 S -3 (isolated as described Lu et al., 1994) anti-p21, and anti-Cdk2 (Santa Cruz Antibodies). Horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse respectively (both BioRad) was used as the secondary antibody followed by ECL (Enhanced Chemiluminescence) detection (Amersham Pharmacia Biotech). The Coomassie stained gel and the autoradiogram obtained from the Western blots were scanned using a PDI 325IE (PDI, Huntington Station, NY, USA) to determine the relative amount of pH1 S -3. The Imagemaster 1-D software was then used to provide densitometric results.
Immunoprecipitation and kinase assay
The supernatant obtained from cells (approximately 3610 6 ) lysed with SB250 buffer and collected through centrifugation was used for this assay. Kinase assays were preformed as previously described (Herrera et al., 1996) . Briefly, 5 ml of anti-Cdk2 antibody (Santa Cruz Biotech) was added to 3 mg of protein extract and was rotated for 1 h at 48C. Forty ml of protein A agarose beads (Pierce) resuspended in a 1 : 1 slurry with SB250 was added to the sample and was rotated for an additional 30 min at 48C. Samples were centrifuged at 1000 g for 5 min at 48C. The beads containing the immune complexes were washed twice with 10 volumes of SB250 and twice with 10 vol of TE buffer, pH 8.0. The beads were resuspended in 17 ml of 16 kinase buffer (50 mM Tris-Cl, pH 7.5, 5 mM MgCl 2 , 1.25 mM EGTA, 0.5 mM DTT, 1 mM NaF, 1 mM sodium orthovanadate, 25 mM b-glycerophosphate), 50 mM ATP, 1 mg histone H1 and 2.5 mCi [g-32 P]ATP. The final reaction volume was made up to 20 ml with distilled H 2 O. The mixture was incubated at 308C for 30 min. SDS loading buffer was added to stop the reaction. The samples were then boiled and separated by SDS -PAGE. The gels were stained in Coomassie Blue, dried and exposed to film.
Phosphatase assay
The assay was performed as described previously (Chadee et al., 1999) . Briefly, cell pellets containing 4610 6 10T 1 2 or Ciras-3 cells were lysed in NP-40 buffer (10 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1.5 mM MgCl 2 , 0.65% Nonidet-P40, and 1 mM PMSF), and the cell lysate collected by centrifugation. Okadaic acid was added (at a final concentration of 2 or 100 nM) to 20 mg cellular-extracted protein in a 50 ml volume. Two mg of histone H1 (isolated by perchloric acid extraction of 10T 1 2 mitotic cells) was added and the reaction was allowed to proceed at 378C for 30 or 60 min. For the zero minute time point, the reaction was immediately stopped by the addition of SDS loading buffer. For comparison of phosphatase activity from 10T 1 2 and Ciras-3 cell extracts, the extracts were incubated with phosphorylated H1 for 15, 30, 45, and 60 min at 378C. The reaction was stopped by adding SDS loading buffer. The proteins were separated by SDS -PAGE, and Western blotting with the anti-pH1 S -3 antibody was performed. To determine the amount of phosphorylated H1 S -3 in each sample, densitometric analysis of the immunoblots was performed. The assays were typically done in triplicate.
